Despite the destructive effects of tornadoes, limited attempts have been made to quantify tornado-induced loading. The purpose of the study presented here was to investigate the effect of different building geometry on the forces and pressures that low-rise buildings would experience in a simulated tornado with a swirl ratio comparable to what has been measured and recorded for full-scale tornadoes. Measured force and pressure data were then used to judge whether tornado-resistant design for residential structures is feasible. The tornado-induced wind loads were measured on scaled models of buildings in a laboratory-simulated tornado with a core diameter (56 m) and relatively high swirl ratio (2.6) representing an EF3 tornado. The study found that the peak loads vary as a function of eave height, roof pitch, aspect ratio, plan area, and other differences in geometry such as the addition of a garage, roof overhang and soffit. The required strengths of the roof-to-wall and roof sheathing-to-rafter connections were calculated based on the measured loads and compared with their capacities to assess the possibility of failure. It appears that the design of the two critical roof connections in residential construction for tornado-resistant design up to and including EF3 tornadoes can ensure adequate safety cost-effectively by using currently available technology.
Introduction

10
Various opinions as to whether tornado-resistant design of residential buildings is possible, let alone 11 feasible, have been offered. These opinions have been largely motivated by experience obtained from 12 evaluating structural failure due to strong winds and prejudiced by the awe-inspiring destructive capacity 13 of tornadoes, but they have not been based on the comparison of pressure data obtained from either full-14 scale or laboratory simulated tornadoes with the capacities of the structural connections and members of 15 typical residential construction. Modern engineering is based on the application of rational and empirical 16 principles, but for tornado-resistant design, there has been little or no data that could be used to form 17 engineering principles. In the past, quantification of pressures on a building envelope and forces on a 18 building structure due to the occurrence of a tornado in its proximity has been limited to forensic 19 investigation and engineering judgments. The reason for this limitation is threefold: the lack of research 20 facilities capable of determining the pressures and forces on structures due to tornadoes; the absence of 21 full-scale data to corroborate the results from laboratory experiments or field structures; and a lack of 22 interest in pursuing tornado-resistant design on the part of many as it was assumed to be cost prohibitive. straight-line wind speeds of this magnitude implies that design for these wind speeds is possible. Based 8 on the fact that building codes require the design of low-rise building structures for wind speeds of 9 similar magnitudes and that most tornadoes are considered to have maximum wind speeds of 74 m/s or 10 less, the target full-scale horizontal wind speed for this study of tornado-induced loads was chosen to be 11 74 m/s.
12
The maximum tangential velocity of the tornado generated by the ISU Tornado Simulator in this 13 study was measured to be 11.6 m/s at a height of 19 mm and a maximum horizontal velocity of 11. 
22
This study showed that a tornado's mean path width increased with its Fujita scale rating. According to 23 Brooks for a F1 or a F2 tornado (corresponding approximately to an EF2 or EF3 tornado), the path would 24 be most likely between 100 and 500 m.
1
Midwestern United States is 40 m/s, and the full-scale horizontal velocity is 74 m/s (EF3), the damage to 2 buildings and other structures may be expected to occur within a diameter where the horizontal wind 3 speed exceeds approximately half of the maximum tangential wind speed. The "0.5" contour in Figure 1 4 is located at 2.2 times the radius of the maximum wind (radius of the core) near the ground. According to 5 the results of the study conducted by Brooks (2004), the radius of the core of an EF3 tornado would have 6 a high probability of being between 45 and 225 meters. The radius of the core for the simulated tornado 7 used in the study presented here was 0.56 meters, which matches with the study done by Brooks (2012) 8 when scaled using a length scale of 1:100. 
19
The data from full-scale tornadoes indicate swirl ratio values of 2.0 or greater. For example, when 20 comparing the full-scale data from the Spencer, South Dakota, tornado with 3D numerical simulations 21 Hangan and Kim (2008) found that the best fit was for a swirl ratio of S=2. Using data obtained with a 22 Doppler on wheels (DOW), the swirl ratios of the Mulhall tornado were calculated by Lee and Wurman 23 (2005) to be between 2 and 6 for the F4 level tornado. These swirl ratios were measured at the radius of 24 the vortex core (rc). Based on the latest data obtained by DOW and the best fit of that data with numerical 1 this study to a value of 2 or greater. In the ISU tornado simulator, a 1.83m (6 ft)-diameter fan creates an 2 updraft. The flow is then directed downward through concentric ducts. Rotational flow is created by 3 several vanes fixed at a given angle with respect to the radial direction that is normal to the tangent of the 4 duct. The swirl ratio of the vortex generated in the Iowa State University's tornado simulator can be 5 increased by increasing the vane angle (Haan et al. 2008) . In order to obtain a high swirl ratio the vane 6 angle was set at 75°, resulting in a swirl ratio of 2.6 measured at the core radius or radius of the 7 maximum tangential velocity. is the length and B is the width)) and h/L ratios (0.34 to 0.8; where h is the mean roof height), attached 1 garage (with and without) and a variety of test cases (154 total) were conducted that included varying the 2 building orientation angles with respect to the path of the tornado. Each model was fitted with as many as 3 124 pressure taps. 
17
Pressure measurements were taken using two high-speed 64-channel ZOC33/64Px pressure 18 transducers (Scanivalve Corporation ® ) at a frequency of 390 Hz. The static pressure used in both the 19 pressure and the velocity measurements was taken as the laboratory ambient pressure under the ground 20 plane.
21
Procedure and Conventions
22
For each test case the pressures were recorded 10 times. The peak pressures were calculated as the 23 average of the peak pressures from each of the 10 runs. The orientation of the building (building 24 orientation angle, BOA) with respect to the direction of translation of the tornado was varied from 0° to 7 90° with a step size of 15°. The 0° orientation corresponds to the direction of translation of the tornado 1 being parallel to the ridge of the roof of the building model (along dimension L). The garage models were 2 tested from 0° to 90° (Orientation 1) and from 180° to 270° (Orientation 2). The taller part of the 3 garage models experienced the tornado first for Orientation 1 and the shorter part of the model 
1
The peak pressure and force coefficients were calculated and the time histories of the force coefficients 2 were plotted for each of the models for each building orientation angle. The peak pressure and force 3 coefficients and time histories of the different models were then compared to discover any trends that 4 would demonstrate the effect the different geometric variables had on the tornado-induced forces and 5 pressures. Models with geometry that was similar or exactly the same except for one variable were 6 compared in an effort to isolate the effect of each variable. 
9
The difference between the two models was their eave heights; the eave height of Model 2 (110 mm) was 10 almost twice that of Model 1 (60 mm). For each of the building orientation angles the peak pressure 11 contours of the two models were similar but had different magnitudes. The peak pressures on Model 1 12 were significantly higher. The eave heights of both models were greater than the height at which the 13 maximum tangential velocity was measured (19. with the building orientation. Figure 8 confirms this finding and shows that the peak uplift force also 7 did not vary with roof pitch for building Models 3, 4 and 5. The peak pressures can vary while the peak 8 vertical force coefficient may not vary significantly because the peak pressures do not necessarily occur 9 simultaneously at all locations while the peak force coefficients occur when the integration of the 10 instantaneous pressures results in the largest force coefficient. 
15
Pressures were measured on the underside of the soffit. The peak pressure coefficients for the 16 underside of the soffit ranged from −1.0 to −3.0 depending on the building orientation angle and the 17 region of the soffit. Although the magnitudes of the peak pressures on the overhang model were 18 significantly less than on Model 1, the pressure contour shape on the walls was similar. The distribution 19 of the peak pressure contours on the building walls were less affected by the overhang than those on the 20 roof. Figure 10 shows the peak pressure contour plots for Model 1 and the overhang model for the 21 building orientation angle of 30°. 22 Figure 11 shows how significant the addition of the roof overhang was to the vertical force 23 coefficient. Similar to the peak pressures, the horizontal force coefficients were also less affected by the 24 overhang and soffit than the vertical force coefficients. This is shown in Figure 12 
20
The addition of the garage increased the plan aspect ratio (L/B) of the original models. The increased 21 aspect ratio of the garage 1 model resulted in larger peak vertical force coefficients than Model 5 22 (without a garage) for most building orientation angles. While for the garage 2 model the peak vertical 23 force coefficients were larger than the models with aspect ratios (L/B) of 1.0, but for most building 24 orientation angles they were less than those for Model 1.
25
The addition of the garage to the models created more complex geometry which resulted in an 1 interaction between the building model and the simulated tornado. The study of this interaction will 2 require the testing of additional models in order to fully understand the effect of the garage addition. Although not presented here, a comparison of the peak force coefficients, X, Y and Z, for each of the 5 building models and each building orientation angle revealed that without exception the vertical force 6 coefficient was greater than both of the horizontal force coefficients, sometimes by a factor of 2. The 7 peak pressure coefficients also occurred on the roof for all of the models. Both the peak force and 
10
In light of these findings, it is not surprising that many damage surveys done after tornado events 11 have found that roof damage is one of the most common types of damage to occur in residential 12 buildings. The occurrence of roof damage is further aggravated by the fact that, for residential 22 Sparks et al. (1988) demonstrated that the roof of low-rise buildings is critical to the integrity of the 23 structure and that for straight-line winds failure of roof connections is dependent not only on wind speeds 24 but also on roof geometry. These researchers also noted that failures of entire residential structures can occur quickly after the loss of the roof. Based on their findings, the connection between the roof trusses 1 and the stud walls was considered to be the critical connection for the survival of the entire house 2 (Sparks et al. 1988 ). In addition to finding that the roof-to-wall connection (RTWC) was the most 3 critical, they found that for several different roof geometries the toe nailed RTWC would fail at wind 4 speeds as low as 54 mph (3-sec gust) which is much less than the design wind speed of 90 mph (3-sec 5 gust) in boundary layer winds.
6
The other type of connection in residential roof construction that is susceptible to uplift loads is the 7 connection of roof sheathing to the rafters or roof trusses. The roof sheathing has many structural 8 functions including giving lateral support to the roof framing, acting as a surface to which loads are 9 applied and distributed to the roof framing, and as part of the building envelope to aid in keeping the 10 building sealed so as to prevent the inside of the building from becoming pressurized. These functions 11 are critical to the ability of the residential structure to survive a tornado.
12
The sequence of progressive failure of low-rise residential structures in tornadoes is not well 
24
The pressure time histories of the two models were first converted to pressure coefficient time histories 25 using Equation 5, where P is the recorded pressure (i.e. the total pressure minus the static pressure) at 1 time step i, VH is the average horizontal component of the wind velocity measured at the radius of the 2 core, and ρ is the density of air. In the field of aerodynamics terms such as "windward", "leeward", "leading", and "trailing" are often 6 used to describe certain parts of an object immersed in a straight-line flow. These terms are not as easily 7 defined for flow in a tornado, but because of a lack of alternatives they will be used in the following 8 discussion. The terms are defined for the sides of the models for a building orientation angle of 0° and The side of the model that is parallel to and opposite of the windward side.
15
• Leading:
The side of the model that is perpendicular to the direction of translation and is closest 16 to the tornado before the tornado reaches the model.
17
• Trailing:
The side of the model that is perpendicular to the direction of translation and is closest 18 to the tornado after the tornado has passed the model 19 20
For the 0° building orientation angle the peak pressures for Model 1 occurred at the leading, leeward 21 corner and roof edge. For building orientations 15° through 75°, the peak pressures on Model 1 occurred 22 at the trailing leeward roof edge and at the windward leading roof edge while for Model 5 the highest 23 peak pressures occur mainly at the leading, windward roof edge and the leading, windward wall edge.
1
For a building orientation of 90°, the pressures are not as high as for other building orientations and the 2 highest peaks for Model 1 occur in the trailing, windward region of the roof and for Model 5 occur in the 3 leading, leeward region of the roof. The maximum peak pressure coefficient from all building orientation 4 angles for Model 1 is −6.1 and for Model 5 is −4.9.
5
Using the maximum peak pressure coefficients obtained for Models 1 and 5 and the capacity of roof 17 Canfield et al. (1991) found that for the majority of tests conducted the failure mode of the hurricane 18 tie connection was tearing of the metal hurricane tie. Therefore, another possible solution would be to 19 increase the thickness of the metal used in the hurricane tie from 18 gauge to 16 gauge or even 14 gauge.
20
Tests could be done to determine which sheet metal gauge the connection would not fail by tearing of the 21 hurricane tie, but rather fail by splitting of the wood members in order to optimize the capacity of the 22 hurricane tie without adding significant cost to the connection.
23
The hurricane ties mentioned above are available nationwide at common hardware stores for about 1 US$0.60 each. The addition of 2 of these ties to each rafter or to each roof truss support is insignificant 2 to the cost of construction of a new low-rise residential structure.
3 5 Conclusions
4
The purpose of the study presented here was to investigate the effect of different building geometry on 5 the forces and pressures that low-rise buildings would experience in a simulated tornado with a swirl 6 ratio comparable to what has been measured and recorded for full-scale tornadoes and then to use the 7 force and pressure data to judge whether tornado-resistant design for residential structures is feasible 8 based on hard data rather than opinion and engineering judgment. In order to achieve these goals the 9 pressures on nine low-rise building models were recorded when the models were subjected to a simulated 10 tornado with a swirl ratio of 2.6 using the Iowa State University's tornado simulator. The study found 11 that the peak pressure coefficients, force coefficient time histories and peak force coefficients vary as a 12 function of eave height, roof pitch, aspect ratio, plan area, and other differences in geometry such as the 13 addition of a "garage" and modeling of the roof overhang and soffit. These geometric variables also 14 influence the forces and pressures that would need to be resisted by the structure in tornado-resistant 15 design. It appears that the design of the two critical roof connections in residential construction for 16 
